oxidation proceeded via formation of a catalyst-substrate complex, and electron-withdrawing substituents at the para position of benzyl alcohol accelerated the reaction. The rate constants of the oxidation reactions correlate to the bond dissociation energies of the C-H bonds of the substrate. A linear correlation was observed for logarithm of the rate constants of oxidation reactions of benzyl alcohols with that of hydrogen abstraction by cumyl peroxyl radical, indicating the reaction proceeds via hydrogen 20 abstraction. The observed kinetic isotope effect (KIE) indicates that the hydrogen abstraction occurs from the benzyl group rather than the hydroxy group.
Introduction
Polyoxometalates and heteropolyoxometalates (POMs) are widely known as functional materials in catalytic oxidation 25 reactions, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] metallorganic-POM hybrid catalysts. 9 In particular, the facile incorporation of transition-metals into lacunary-type POMs has attracted significant interest for preparation of oxidation catalysts with high activity. 10 For example, a ruthenium-substituted Si, Fig. 1 ), catalyzes oxygenation reactions of hydrocarbons with various oxidants to afford the corresponding alcohols, aldehydes and carboxylic acids at relatively high temperature (> 60 ºC).
11
Moreover, the Ru-POM can act as a heterogeneous catalyst for oxidations of alkanes and alcohols by using molecular oxygen as 40 an oxidant. 12 In most cases, POMs are synthesized as inorganic salts (Na However, the counter cation has yet to be utilized to improve the catalytic reactivity of POMs.
In this context, we have previously reported construction of 2:1 complexes composed of a non-planar Mo(V)-porphyrin, 50 
[Mo(DPP)(O)(H 2 O)]
+ (1) (DPP 2-: dodecaphenylporphyrin, Figure   1 ), and Keggin-type POMs, which are soluble in toluene, chloroform (CHCl 3 ) and dichloromethane (CH 2 Cl 2 ). 20 Each (2), used in this study.
component is connected via direct coordination bonds due to the high Lewis acidity of the Mo(V) center bound to the distorted porphyrin ligand and the strong coordination bonds make it 60 possible to maintain their structures in solution. 20 The merit of such complexes is not only the improvement of the solubility of POMs into less polar solvents, but also the elevation of the oxidation potentials of POMs by coordination of the cationic metalloporphyrin unit. Thus, when metal-substituted POMs are 5 employed in the metalloporphyrin-POM assembly, the oxidation potential of the inserted metal center is expected to be positively shifted to provide the higher reactivity in oxidation reactions. However, the catalytic reactivity of such a metalloporphyrin-POM assembly has yet to be examined. 10 We report herein formation of a 2:1 complex between a nonplanar Mo(V)-porphyrin, ( 
General Procedure for Oxidation of Alcohols and Aldehydes
Reactions were carried out in a light-shielded glass vial (5 mL 
Results and discussion

Preparation of a Mo(V)-porphyrin-[Ru-POM] assembly
, were used 90 in this study (Fig. 1 ). The reaction of 1 and 2 was carried out in a mixed solvent (CH 2 Cl 2 /CH 3 CN) at 50 ºC to obtain the mixed
The coordination of DMSO was confirmed by IR spectroscopy to observe ν S=O at 1100 cm -1 , which was consistent with that 95 observed for 2. After removing the solvents, crystallization from CH 2 Cl 2 /hexane gave dark greenish brown powder. In the MALDI-TOF-MS spectrum of 3, a molecular ion peak cluster was observed at 5444.71 (m/z) with use of CHCA (α-cyano-4-hydroxycinnamic acid) as a matrix (Fig. 2 Ru III -substituted Keggin-type polyoxometalate.
Oxidation states of molybdenum and ruthenium in 3
In the EPR spectrum of 2, a signal assigned to Ru III (S = 1/2) was observed at g x = 2.289, g y = 2.209, and g z = 1.873 in CH 2 Cl 2 at 5 K (Fig. 3a) . 11b, 23 As for 3, two kinds of signals were observed; one at g = 1.964 was assigned to that of the Mo V center (S = 1/2, I 25 = 0), 20 and the other signal at g x = 2.297 and g y = 2.206 was assigned to that of the Ru III (S = 1/2) center (the g z signal of the Ru III center in 3 was overlapped with that of Mo(V), Figure 3c ). reflecting the MALDI-TOF-MS spectrum (Fig. 4) . When PhIO was added to the 2 and 3, the signals assigned to Ru III centers diminished for 2 or completely disappeared for 3 as depicted in Fig. 3b and 3d , respectively. This result indicates that 35 EPR-silent ruthenium species may be Ru(IV)-oxo complexes to act as reactive intermediates in catalytic oxidation of organic substrates (vide infra). [catalyst] = 1.6 mM) were performed in the light shielded vials and the conversions were monitored by 1 H NMR measurements.
Electrochemical measurements
65
As comparison, the reactivity of precursors (1 and 2) was also examined as homogeneous catalysts for each reaction. The 1 H NMR spectra after the reactions for 6 hours were shown in Fig. 6 . The oxidation reaction can be stopped by NMR measurements (Fig. 6a) . When the complex 1 and 2 were used as catalysts, the catalytic oxidation hardly occurred at room temperature as compared to the blank reaction (Figs. 6b, c) . In sharp contrast, the addition of 3 efficiently afforded benzaldehyde as an oxidation product from p-H (Fig. 6d) . Obviously, this result
indicates that coordination of the [Mo(DPP)(O)]
+ unit to the Ru-POM significantly enhanced its reactivity as a oxidation catalyst probably due to the large anodic shift of redox potentials of ruthenium ion in complex 3 (vide supra). MALDI-TOF-MS measurement suggested that 3 could maintain the structure after 20 the oxidation of p-H in CDCl 3 (see Fig. S1 in ESI).
Next, benzyl alcohol derivatives (p-nitrobenzyl alcohol (p-NO 2 ), p(o)-chlorobenzyl alcohol (p(o)-Cl) and p(o)-methylbenzyl alcohol (p(o)-Me))
were employed as substrates and the conversions from benzyl alcohols to the corresponding 25 benzaldehydes at 60 min are summarized in Table 2 . 25 The conversion was determined by the integration ratio of the peaks due to the substrates and the products in 1 H NMR spectra. The results in Table 2 clearly indicate that the catalytic oxidation reaction showed a significant substituent effect: the electron-
30
withdrawing group accelerates the oxidation reaction while the electron-donating group slows down the reaction. Additionally, when the chloro or the methyl groups was introduced at the ortho-position of p-H, remarkable retardation of the substrate consumption was observed (Fig. 7) , suggesting the existence of 35 strong steric effect of the o-substituents. 
50
Plots of -ln[sub] vs. time for oxidation of p-H, p-NO 2 , p-Cl and p-Me by 3 as a catalyst were made as depicted in Fig. 8 to determine the pseudo-first-order rate constants (k obs ). The k obs 55 values thus determined are also summarized in Table 2 . The oneelectron oxidation potentials (E ox ) of benzyl alcohols were determined by second harmonic AC voltammetry (SHACV) in CH 2 Cl 2 as summarized in Table 2 
p-H: benzyl alcohol
the highest oxidation potential because of the electronwithdrawing NO 2 group, whereas p-Me exhibited the lowest oxidation potential due to the electron-donating Me group.
15
Because the higher the oxidation potential, the higher is the reactivity (Table 2) , electron transfer (ET) from the substrate to the catalyst cannot be involved as the rate-determining step of the catalytic reaction. Electron donating substituents stabilize a positively charged transition state (e.g., in hydride transfer), 20 whereas electron withdrawing substituents stabilize a negatively charged transition state (e.g., in proton transfer).
14,26-28 Thus, the increase in the rate constant of the catalytic oxidation of benzyl alcohol derivatives with 3 with increasing the oxidation potentials of benzyl alcohols in Table 2 suggests the formation of a 25 negatively charged transition state rather than a positively charged transition state. Such a substituent effect has often been observed in the catalytic oxidation of para-substituted benzyl alcohol derivatives. 14, 28 Because the acidity of the benzylic hydrogen increases with increasing the oxidation potentials of 30 benzyl alcohols, the acidity of the benzylic hydrogen may be involved in determining the catalytic reactivity presented in Table  2 as discussed below. In addition, a Hammett plot was made for the rate constants listed in Table 2 (see Fig. S2 in ESI). The ρ value was determined to be 1.91 ± 0.31, also indicating that the 35 proton transfer from the benzylic C-H bond to the reactive species should be important in the catalytic oxidation of benzyl alcohol derivatives with 3 and PhIO (vide infra). As for p-H and p-NO 2 , the concentration dependence of k obs was examined as shown in Fig. 9 . As a result, the saturation 40 behaviors of k obs at higher concentration of the substrates were observed in both cases. This result indicates that there is a preequilibrium to form an adduct between substrate and the catalyst prior to the oxidation reaction. In light of a discussion on the location of the proton in a Keggin-type POM (
29-32 the substrate may bind to µ-oxo bridge neighboring active species (Ru(IV)=O) via hydrogen bond due to the stronger basicity of the µ-oxo bridge. The first-order rate constant (k) and binding constant (K) were determined by curve fitting to be k = 
Mechanistic insights into the oxidation reaction
To gain further mechanistic insights into the catalytic oxidation of benzyl alcohol, two kinds of deuterated benzyl alcohols were employed to determine the kinetic isotope effects (KIE, k H /k D ), PhCH 2 OD 21 and PhCD 2 OH. 22 The oxidation reaction of 70 PhCD 2 OH (1.6 mM) was performed in CHCl 3 in the presence of CDCl 3 (1.6 mM) and CD 3 CN (1.6 mM) as internal standards. The time course of the reaction was monitored by 2 H NMR spectroscopy. As shown in Fig. 10 , the KIE value for PhCH 2 OD was determined to be k H /k D = 1.0, and that for PhCD 2 OH was In order to compare the observed substituent effect on the 15 catalytic oxidation of benzyl alcohol derivatives in Table 2 with that on the authentic hydrogen abstraction reaction from benzyl alcohol derivatives, we examined the hydrogen abstraction of benzyl alcohol derivatives by cumyl peroxyl radical (CumOO • ).
CumOO
• was generated by photoirradiation in the oxygen-20 saturated CH 2 Cl 2 solution containing di-tert-butyl peroxide (1.0 M) and cumene (1.0 M) at 183 K. 35 The decay of the EPR signal at g = 2.016 due to CumOO • in the presence of benzyl alcohols was monitored (Fig. 11) to determine the rate constants of hydrogen abstraction from benzyl alcohols by CumOO • . The 25 second-order rate constants were determined to be k = 7.2 × 10 -2 Fig. 12 Dependence of kobs for hydrogen atom abstraction reaction of (a) Fig. 12 and Table 3 ). The order of the rate constants for hydrogen abstraction from benzyl alcohols was p-NO 2 > p-Cl > p-H > p-Me. This order agrees with that of activation energy (E a ) of H-abstraction reaction. 35 There is a good linear correlation between the logarithm of the catalytic rate constants (k p ) of 15 oxidation of benzyl alcohols with 3 and that of the rate constants (k c ) of hydrogen abstraction from benzyl alcohols by cumyl peroxyl radicals as shown in Fig. 13 . Thus, the substituent effect on the oxidation of benzyl alcohols with 3 results from that on the rate-determining hydrogen abstraction step from benzyl alcohols 20 by the Ru IV =O species.
Conclusions
A ruthenium-substituted metalloporphyrin-POM complex was prepared, acting as an efficient catalyst for oxidation of benzyl alcohols with PhIO as an oxidant in CDCl 3 at room temperature.
25
The coordination of the cationic Mo(V)-porphyrin unit is effective not only for the improvement of solubility of POM toward low polar solvent, but also for remarkable enhancement of catalytic activity in the oxidation reactions. Benzyl alcohols were oxidized to corresponding benzaldehydes via the formation of a 30 catalyst-substrate adduct probably through intermolecular hydrogen bonding. The hydrogen abstraction occurs at the benzyl position, exhibiting a large KIE. Our strategy will provide a new category of POM-based catalytic oxidation systems with high efficiency. 
